Increased clinical demands and decreased available time accentuate the need for efficient learning in postgraduate medical training. Adapting Web-based learning (WBL) to learners' prior knowledge may improve efficiency.
INTRODUCTION
Increased clinical demands and decreased available time have accentuated the need for efficient learning in postgraduate medical training. 1, 2 Authors have speculated that Web-based learning (WBL)-using Internet-based computer programs to facilitate learning 3 -is more efficient than traditional instructional formats. 4 Although evidence supports this contention for some WBL interventions, [5] [6] [7] other studies have found that WBL takes time similar to 8 or greater than 9 other media and that different WBL formats require different amounts of time. 10, 11 Whereas it seems unlikely that WBL is inherently more efficient than other instructional media, it does have the potential to facilitate efficient learning. Numerous studies have demonstrated the efficacy of WBL in various settings, 5, 7, 8, [12] [13] [14] yet research is needed to investigate how to enhance WBL's effectiveness and efficiency. [15] [16] [17] Adapting instruction to an individual learner's baseline or prior knowledge has been proposed to improve WBL effectiveness and efficiency. 18, 19 Systems adapting to prior knowledge might allow learners to skip content they have already mastered or advise remediation for knowledge deficiencies. However, adaptation could potentially lead to decreased learning (if needed information is inadvertently skipped) or increased time (if excess remediation is prescribed). Studies in nonmedical education suggest that adaptation to an individual's prior knowledge improves achievement, particularly for low-knowledge learners, and decreases time required to learn material. [20] [21] [22] [23] Although several adaptive systems have been described for medical training, [24] [25] [26] [27] [28] [29] the adaptive component has rarely been carefully evaluated in comparison with a similar, nonadaptive system. One model adapting to group (rather than individual) knowledge level found time savings; however, the data showed higher knowledge gains in the nonadaptive group that approached but did not reach statistical significance. 26 Another adaptive model found significantly decreased time required, but this evaluation focused on adaptive testing rather than adaptive instruction. 27 Given these limited studies and inconclusive results, further research regarding the efficiency of adaptive WBL is needed. We hypothesized that a WBL intervention that adapted to the prior knowledge of Internal Medicine residents would take less time than a nonadaptive format and that knowledge test scores would not decrease, resulting in higher learning efficiency. To evaluate this hypothesis, we conducted a randomized, crossover trial. We did not calculate a learning efficiency ratio (knowledge score divided by time spent) because the value of learning is not constant across the range of scores (e.g., very short time spent resulting in very low knowledge scores would be undesirable, yet may have the same efficiency ratio as high time and high knowledge scores).
MATERIALS AND METHODS

Setting and Participants
This study took place in an academic Internal Medicine residency program during the 2005-2006 academic year. Residents have a weekly continuity clinic at 1 of 5 sites. WBL modules on ambulatory medicine are part of the regular continuity clinic curriculum. All 144 categorical residents in the Mayo Internal Medicine Residency Program in Rochester, MN, were invited to participate in the study. Our Institutional Review Board approved this study. All participants gave consent.
Interventions and Randomization
Since 2002, all categorical residents have been required to complete 4 evidence-based WBL modules on ambulatory medicine topics each year. For the present study, we updated the content of previously developed modules covering diabetes mellitus, hyperlipidemia, asthma, and depression. We also added case-based questions and feedback to enhance the instructional design based on our research showing benefits from such questions in WBL. 10 For the purposes of the study intervention, these questions also served to assess baseline knowledge. We embedded questions in the module, rather than administering these as a separate pretest, to optimize their instructional efficacy. Each revised module consisted of 17 to 21 case-based questions (patient scenarios followed by multiple-choice questions) with didactic information appearing as feedback to each question. The authors, in collaboration with at least 1 specialist in each content area, used an iterative process to develop questions specifically matching each didactic segment. Questions were added until all didactic information had at least 1 corresponding question.
In the standard format, feedback consisted of a 1-sentence explanation of the correct response followed by additional information (1 to 4 paragraphs of text, tables, illustrations, and hyperlinks to online resources) related to that question ("detailed information"). In the adaptive version, feedback began with the same brief explanation used in the standard format. However, learners who answered the question correctly were directed to advance to the next question rather than review the detailed information. These learners had the option of viewing the detailed information if desired ("Click here for more information"), but the default navigation ("Proceed to next page") led them to the next question. Learners who answered the question incorrectly were presented both the brief explanation and the detailed information (i.e., they did not have the option to skip this information). The clinical cases, questions, explanations, and didactic information were identical between the 2 formats; only the adaptive navigation changed. Responses were not recorded because of software technical limitations.
Modules were released at approximately 6-week intervals. Residents could complete modules at any time and in the order they chose. Study participants completed 2 modules using the standard format and 2 modules using the adaptive format. One author (DAC) randomly assigned participants (after enrollment) to 1 of 4 groups using MINIM (version 1.5, London Hospital Medical College, London), with stratification by postgraduate year and clinic site. Each group was assigned a different permutation of standard and adaptive formats (see Fig. 1 ). Participants were also randomly assigned, in a factorial design, to complete a series of optional practice cases (versus no cases) at the end of each module; the results of this intervention are reported separately. 30 
Instruments and Outcomes
Knowledge was assessed using a posttest at the end of each module. A pretest was intentionally avoided to prevent alerting participants to the material being tested, 31 because of the time required, 26 and because our research using earlier versions of 3 of the 4 modules showed significant knowledge gains from pretest to posttest. 7 A test blueprint was used to develop 69
case-based multiple-choice questions (15 to 19 per module) designed to assess application of knowledge. 32 Questions from previous pretests 7 were reviewed, in conjunction with test item statistics, and retained, revised, or removed as appropriate. New questions were developed as needed, and new or substantially revised questions were reviewed by experts and pilot tested in the Internal Medicine faculty. Time spent on each module screen was logged by computer. Because screen times were highly skewed, intervals longer than the 95th percentile were set equal to the 95th percentile value. The time for each screen was then summed ("measured time"). At the end of each module, residents also provided a free-text-entry estimate of time spent on that module ("selfreported time"). Demographic information was ascertained using a baseline questionnaire. An end-of-course questionnaire after the fourth module asked participants to indicate their preferred format and compare the perceived effectiveness and efficiency of the formats using 6-point scales.
Knowledge posttests and baseline and end-of-course questionnaires were administered using WebCT. Residents were asked to treat tests as "closed book."
Statistical Analysis
Knowledge scores (percent correct) and time spent (measured and self-reported) were compared between the 2 formats using mixed linear models accounting for repeated measurements on each participant and for differences among modules. To meet model assumptions, it was necessary to log transform time before analysis; point estimates and confidence intervals were back-transformed to decimal numbers for reporting purposes. Additional adjustments were planned for group assignment, postgraduate year, gender, clinic site, and both assignment to and actual completion of the intervention in the factorial design. In sensitivity analyses, missing data were imputed using the mean value for participants using that format for that module.
Format preference was analyzed using the Wilcoxon signed rank test, testing the null hypothesis that there was no preference. A sensitivity analysis was conducted using the median of the preference scale for missing data. The Wilcoxon rank sum or Kruskal-Wallis test was used for comparisons among groups. Other questionnaire responses were analyzed similarly. Correlation between measured and self-reported time was calculated using Spearman's rho.
All participants were analyzed in the groups to which they were assigned, and all data available for each participant at each time point were included. We used a two-sided alpha level of 0.05. The expected sample size of 86 participants was to provide 90% power to detect a 7% difference in knowledge score. All analyses were performed using SAS 9.1 (SAS Institute, Cary, NC, USA).
RESULTS
Beginning in December 2005, 124 residents consented to participate and were randomized (see Fig. 1 ). One hundred twenty-two (98%) completed at least 1 module, 111 (90%) completed all 4 modules including knowledge posttests, and 96 (77%) completed the final survey on preferences. Demographics are summarized in Table 1 
Learning Time Spent
After adjusting for score differences between modules, there was no difference in knowledge scores between those using the adaptive format (mean±standard error of the mean, 76.2±0.9) and those using the standard format (77.2±0.9, 95% confidence interval [CI] for difference −3.0 to 1.0, P=.34). However, the average time to complete 1 module was lower for the adaptive format ( One hundred and two residents (84%) completed the diabetes module first, 15 (12%) started with hyperlipidemia, and 5 (4%) with asthma. There was no difference in measured time to complete modules whether residents started with an adaptive module or standard (P=.11). The 4 modules took a similar amount of time to complete (P=.30), but the time difference between the 2 formats varied depending on the order in which they were completed (interaction P=.012). The first, second, and fourth modules were shorter in the adaptive format, whereas the third module took slightly longer (see Fig. 2 ). The overall difference between formats remained significant (P = .0003). Analyses with self-reported time revealed a similar pattern, except that the interaction between format and order was not significant (P=.062). Module order had no effect on knowledge scores (P=.45, interaction with format P=.35).
Knowledge scores increased slightly with longer time (2.2 points gained per 10 minutes, P < .0001); there was no interaction between time and instructional format (P=.91).
Format Preference
Seventy-two of 96 respondents (75%) preferred the adaptive format (mean rating 2.4±0.2 [scale 1=strongly prefer adaptive, 6 = strongly prefer standard], P <.0001 compared to scale median [3.5] ). When missing data were set to the scale median (3.5) in a sensitivity analysis, the mean rating was 2.7±0.1 (P<.0001 compared to the median). Learners also felt that the adaptive format was more efficient (2.1±0.1, P<.0001) and more effective (2.9±0.2, P=.0002), where 1=adaptive format much more efficient/effective and 6=standard format much more efficient/effective. Third-year residents rated the adaptive format higher in terms of effectiveness (2.3±0.2) than did the second-year (3.1±0.3) and first-year residents (3.2±0.3, P= .045). Similar differences were observed for format preference (third-year 1.8±0.2, second-year 2.7±0.3, first-year 2.6±0.3), but this did not reach statistical significance (P=.10). There was no difference in preference between those using the adaptive format first (2.2±0.2) and those using standard format first (2.7±0.3, P=.12).
There was an association between knowledge scores and format preference, with those preferring the standard format having higher knowledge scores (79.5±1.7) than those preferring adaptive (75.4±1.0, P=.044) However, those preferring the adaptive format took less time (27.7 
DISCUSSION
A WBL intervention on ambulatory medicine that adapted to residents' prior knowledge decreased time spent on instruction by 18% compared to a nonadaptive intervention. Knowledge scores were unaffected, suggesting that adaptive WBL can facilitate higher learning efficiency. Three fourths of the residents preferred the adaptive format and felt it was more efficient; these effects were more notable for residents at later stages of training. Although the time savings was modest for a single module, the adaptive format would have saved over 25 minutes if used for all 4 modules and, for our 144 categorical residents, would have cumulatively saved 60 hours. In an era where reduced duty hours and growing clinical demands on trainees and faculty limit the time available for learning, such efficiencies will be increasingly important not (95) 12 (67) 18 (82) *A total of 124 residents participated. Each completed 2 modules using the adaptive format and 2 modules using the standard format in a crossover fashion, with each randomly assigned group using a different permutation of formats. † Number of responses varies because information was obtained from different questionnaires and not all respondents answered all questions;
percentages are calculated based on actual responses.
only in residency training but across the continuum of medical education.
To our knowledge, this is the first study in medical education to document advantages of a WBL intervention adapting to individual learners' prior knowledge in comparison to a nonadaptive system. A study using group-average knowledge test scores to adaptively include or omit modules found nonsignificantly lower scores for the adaptive group, 26 confirming the common-sense concern that class-level adaptations may neglect the learning needs of individuals. Others have evaluated adaptive systems compared to paper 28 or faceto-face 24 interventions or no-intervention 33 , but these comparisons do not clarify the utility of adaptive versus nonadaptive designs. Whereas our adaptive model lacks the technical sophistication of many intelligent systems, 29, 34, 35 our results support the concept of adaptive WBL in general and characterize a model that can be understood and implemented by a broad range of educators. The difference in time between the adaptive and standard formats was not constant across the 4 modules, and in fact the standard format was slightly shorter than adaptive for the module completed third. As most residents completed the asthma module third, this likely represents, in part, variation between modules (i.e., the asthma module may be different than the others). Residents might have become more comfortable using the modules with practice and hence required less time; however, there was no significant difference in time overall between the 4 modules. We believe the most likely explanation is that once residents were exposed to the adaptive format, they learned to use this format even when given the standard format (for example, by not actually studying the "required" detailed information if they responded correctly to the question). Thus, the time savings from the adaptive format might have been even greater if the standard group had not been exposed to the adaptive format. The overall effect of the format on time remained significant even after adjustment for this interaction.
Learners preferring standard modules had higher test scores but also took longer (27.7 versus 46.2 minutes per module). This finding warrants further study. However, we note that those preferring standard could use the adaptive format as standard by viewing optional material as desired.
Concordant with previous arguments, 12, 15, 16, 36 we believe that WBL is not inherently more (or less) effective or efficient than other instructional media such as paper or face-to-face educational interventions. However, WBL can facilitate instructional methods that would be difficult in other settings, which may make it superior for specific contexts and instructional objectives. 3, 17, 37 For example, the adaptability of the WBL intervention in this study would not be possible in a lecture format and would be cumbersome to duplicate with paper instruction. Accurate learner assessment is critical to any adaptive system. This information can come from various sources, including the training level, previous assessments or standardized tests, self-assessments of knowledge, goals or preferences, knowledge pretests, clinical practice data, or monitoring how learners navigate a WBL course. One study found that a pretest added 30 minutes to the training session, 26 and such an investment could negate any time savings from adaptive instruction. Thus, our model integrated the assessment with the instructional method (case-based scenario with self-assessment questions).
Additionally, each assessment question must be carefully matched to its corresponding content, and even then, a correct answer could result from guessing or incorrect reasoning. We addressed this problem by allowing learners the option to review content even if they answered correctly. Others have addressed this by developing models of the learner through iterative assessment 24, 35 and/or by using multiple questions to assess a single domain. 26, 27, 29, 35 This study has limitations. The absence of a pretest or nointervention arm leaves open the possibility that no learning occurred during this intervention. However, this seems unlikely in light of the 12% improvement in test scores observed in a study using an earlier version of these modules. 7 The setting of a single Internal Medicine training program limits generalizability to different contexts, learners, or topics. The time savings is modest, yet it compares favorably with other studies of efficiency in WBL 5, 7 and cumulatively could be educationally significant. We cannot verify that all recorded time was actually spent working on the module nor is selfreported time likely to be accurate in all cases. However, analyses using both computer-and self-reported time reached identical conclusions. We do not have reliable information on residents' location while completing modules. Finally, suboptimal completion of the end-of-course evaluation impairs the interpretation of preference results, but sensitivity analyses showed similar findings. The results of this study warrant confirmation before widespread implementation. Future research should continue to explore systems for adaptive WBL, including comparisons of different models for assessment and adaptation. 19, 38, 39 As noted in a recent editorial, "Both evaluations in carefully controlled laboratory settings and field evaluations are necessary." 40 Because comparisons with alternate media (such as paper or face-to-face teaching) are invariably confounded, 16 research will be most meaningful when comparing 1 WBL format against another. In summary, adapting WBL to learners' prior knowledge can enhance learning efficiency, saving time without an adverse effect on scores. Although not a solution to all educational challenges, WBL offers flexibility that may prove advantageous in many learning settings.
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